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Motivation and objectives of the work 

Our rapidly evolving world is in an increasing need of new technologies and materials. 

Carbon nanostructures are such novel materials and among them the graphene has an 

outstanding potential for novel applications [1]. Graphene is a single atomic layer thick sheet 

of graphite, the first two-dimensional crystal, built of carbon atoms. Perhaps, one of the 

most important features of graphene is its electronic structure. At low-energy (near the 

Fermi level) the dispersion relation is linear [2,3]. Therefore, near the Fermi energy, the 

charge carriers behave similarly to photons, their speed is independent of their energy. In 

addition, the graphene sheets show exceptional mechanical and thermal properties [4,5], 

and their optical behavior is also intriguing [6,7]. 

In 2010 the Nobel Prize in physics had been awarded to Konstantin Novoselov and 

Andre Geim for their groundbreaking experiments on graphene. The graphene research and 

the number of papers published each year are exponentially growing since its discovery. One 

of the great challenges nowadays is exploring the nanometer scale world. Over the past 

decades the dimensions of the integrated circuit components have been continuously 

decreased according to Moore's Law. So far, the technical hurdles in the way of 

miniaturization have been miraculously surmounted over and over again. However, below 

the 10 nanometer limit we will encounter fundamental limitations that cannot be addressed 

by the current silicon-based technology. Graphene might be the solution for this problem 

[8]. However, in terms of digital electronic applications, graphene has a significant drawback, 

it has no band gap. 

If the charge carriers in graphene encounter an electrostatic potential wall, the 

transmission probability is close to one (for certain angles of incidence), regardless of the 

width and height of that barrier. This phenomenon is called the Klein paradox [2]. 

Consequently, if we want to confine the charge carriers of graphene and open a band gap, 

we need to physically cut graphene into narrow nanoribbons. To control the band gap of 

graphene nanoribbons we need to engineer the width of graphene ribbons with nanometer 

precision, as well as control the crystallographic orientation of their edges [2]. Currently, 

there are no nanofabrication methods that can achieve the required precision to fully 

engineer the electronic structure of graphene nanostructures. In my PhD theses, I present 



two methods developed that allow the nanometer precision fabrication of graphene 

nanostructures with crystallographic orientation control of the edges. 

 

Methods 

The main objective of this work is the development and optimization of novel 

nanofabrication methods for single and few layer graphene and graphite nanostructures. 

Two methods have been developed. One approach is based on the scanning probe 

microscopy manipulation, while the other on selective chemical etching. The fabricated 

graphene nanostructures have been investigated mainly by STM and AFM measurements, 

but other methods, such as optical microscopy, have also been involved. 

The first nanofabrication approach is a lithographic process, which exploits the fact that 

quantum mechanical tunneling process creates a very narrow beam of tunneling electrons in 

an STM, allowing the cutting of a graphene sheet with an unprecedented accuracy. The 

second approach is an edge-selective chemical etching method of graphene, based on 

controlled oxidation. Here, I would like to briefly compare the two nano patterning methods, 

focusing on their advantages and disadvantages. 

 

Summary of the results 

The STM nanolithography is the most precise top-down nanofabrication process of 

graphene. Atomic resolution can be easily available by the scanning tunneling microscope; 

therefore, setting the crystallographic orientation of the edges is straight forward. The high 

precision cutting is enabled by the atomically sharp tip and the very narrow tunneling 

channel. The path of the tip is programmable in the process, thus arbitrarily complex 

nanostructures can be created, and their electronic structure can be fully engineered. The 

cutting depth can also be adjusted, so both graphene and few layer graphene 

nanostructures can be fabricated. An additional possibility is to manipulate (move, bend, 

rotate) the graphene nanoarchitectures using the STM tip. On the as-fabricated graphene 

nanostructures I have performed atomic resolution STM and tunneling spectroscopy 

measurements to study both their atomic and electronic structure. 



A disadvantage of the STM lithography is that it requires electrically conductive 

substrates. Another drawback is the speed of cutting, which is a few nanometers per second. 

Therefore, fabricating complex networks is very time consuming. One possible solution is to 

parallelize the lithographic process, using a multi-tip setup as I propose in my thesis. 

I have also developed an alternative nanofabrication technique based on chemical 

etching of graphene, which is able to create various nanoarchitectures in the surface of 

graphite or graphene flakes. The etching process developed is edge selective, as STM 

measurements reveal the edges of the resulting hexagonal holes are predominantly of 

armchair type. Therefore, this method is suitable to fabricate armchair graphene 

nanoribbons, which are regarded as the building blocks of future graphene based 

electronics. The diameter of the hexagonal holes, therefore the dimensions of the resulting 

nanostructures, can be controlled by varying the parameters of the etching process, such as 

temperature, oxygen concentration and heat treatment time. The mean diameter of the 

holes shows an exponential dependence on the annealing temperature, and linearly 

depends both on the heat treatment time and the oxygen concentration of the annealing 

atmosphere. A major advantage of this process is that the holes are formed at the same 

time, in parallel, therefore macroscopic amounts of graphene nanostructures can be created 

in short time over a large area. The nanostructures etched, in the HOPG surface, can be 

exfoliated and transferred to other substrates. Furthermore, I have shown that artificially 

created defects in the surface of the HOPG by ion irradiation can act as starting points of the 

etching process. The density of the defects can be tuned by their radiation dose, while the 

penetration depth can also be controlled through the energy of the ions. This way, I could 

achieve the ideal defect density and induce defects that are mainly single layer deep. In 

these conditions, the dimensions of resulting armchair graphene nanoribbons, knees and Y-

junctions could be accurately controlled, and fabricating sub-10 nm wide ribbons becomes 

feasible. 

The high sensitivity of the etching process to various contaminants is the main drawback 

of the method. In addition, another disadvantage is that only armchair edged graphene 

nanostructures can be created, and the control over their geometry is limited. 

  



Statements of the theses 

 

1. I have developed a novel nanolithographic technique based on scanning tunneling 

microscopy for the fabrication, manipulation and characterization of graphene based 

nanostructures. The method is suitable to produce grapheme and few layer graphene 

nanostructures with nanometer width and edges of well-defined crystallographic 

orientation. 

 

a. I have shown that the STM lithography of graphene could be made highly 

precise and reproducible by fine tuning the cutting speed, bias voltage and 

reaction atmosphere (humidity). Furthermore, I found the optimal range of 

these parameters where the cutting process is the most accurate available 

today (the parameters ranges are: cutting voltage: 1.9-2.5 V, cutting speed: 0.5-

2 nm / s, relative humidity: 60-75%). 

b. I have demonstrated that various nanostructures can be created by STM 

lithography, ranging from ribbons to more complex nanostructures. The number 

of graphene layers cut though (depth of cutting) can also be controlled, with 

single layer precision by appropriately setting the lithographic parameters and 

changing the cutting voltage the range few tens of mV. 

c. I have shown that the fabricated graphene nanostructures can also be 

manipulated by STM. Shifting and rotating graphene nanostructures was 

demonstrated by using the STM tip as a tool. This could allow control over the 

stacking geometry of various graphene nanoarchitectures. 

d. Using atomic resolution STM and tunneling spectroscopy measurements, I have 

shown that a band gap can be created in the electronic structure of armchair- 

graphene nanoribbons. The width of the band gap for a 2.5 nm wide ribbon was 

found to be about 0.5 eV, making these ribbons suitable as building blocks of 

electronic devices operating at room temperature. 

e. I have demonstrated the possibility of using multiple STM tip lithography. This 

allows us to parallelize of the lithographic process, that could substantially 

reduce the required time for fabricating complex nanoarchitectures. 



 

Publications of the thesis: [T1], [T2], [T3], [T4], [T5] 

 

 

 

2. I have developed a method for the edge-selective oxidation of graphene that yields 

hexagonal holes of well-defined crystallographic edge orientations in the top atomic 

layers of graphite (HOPG). The size of the emerging nanostructures can also be 

controlled. The patterned top layers can be transferred to SiO2 substrates, providing 

large amounts of graphene and few layer graphite nanoarchitectures with controlled 

edge orientations. 

 

a. I have shown by STM investigations that the etching process is 

crystallographically selective. Using atomic resolution measurements I found 

that the resulting edges are of predominantly armchair orientation. 

b. By systematic experiments I have mapped the dependence of the edge selective 

oxidation process on various experimental parameters. I found that the average 

diameter of the resulting hexagons is exponentially dependent on the etching 

temperature, while it linearly depends on both the annealing time and the 

oxygen concentration of the gas mixture. 

c. I have shown that the ideal defect density acting as starting points for the 

etching process can be achieved by controlling the dose of the ion irradiation. 

The depth of holes can also be set to a single layer, by choosing the appropriate 

ion energy. 

d. Using tunneling spectroscopy measurements I have demonstrated the opening 

of a band gap in the chemically etched graphene nanoribbons with armchair 

edge orientation. 

 

Publications of the thesis: [T6] 
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